Aging is associated with a progressive loss of tissue and metabolic homeostasis. This loss can be delayed by single-gene perturbations, increasing lifespan. How such perturbations affect metabolic and proteostatic networks to extend lifespan remains unclear. Here, we address this question by comprehensively characterizing agerelated changes in protein turnover rates in the Drosophila brain, as well as changes in the neuronal metabolome, transcriptome, and carbon flux in long-lived animals with elevated Jun-N-terminal Kinase signaling. We find that these animals exhibit a delayed age-related decline in protein turnover rates, as well as decreased steadystate neuronal glucose-6-phosphate levels and elevated carbon flux into the pentose phosphate pathway due to the induction of glucose-6-phosphate dehydrogenase (G6PD). Over-expressing G6PD in neurons is sufficient to phenocopy these metabolic and proteostatic changes, as well as extend lifespan. Our study identifies a link between metabolic changes and improved proteostasis in neurons that contributes to the lifespan extension in long-lived mutants.
that contribute to the age-related loss of homeostasis, thus significantly extending lifespan (Lopez-Otin et al., 2013; Partridge, Alic, Bjedov, & Piper, 2011) . However, the exact molecular mechanisms that link these mutations to their longevity-promoting outcomes remain unclear. Characterizing the perturbation of interconnected downstream processes by longevity mutations is thus likely to provide significant insights into the aging process and to allow identifying novel longevity-promoting interventions.
Changes in cellular metabolism and protein homeostasis (proteostasis) are likely central to the effects of many lifespan-extending interventions. Mitochondrial activity and metabolic status are often changed by such interventions, reducing the production of reactive oxygen species (ROS) and other damaging metabolic by-products (Avanesov et al., 2014; Houtkooper, Williams, & Auwerx, 2010; Riera & Dillin, 2015) . A breakdown in proteostasis, in turn, is a central part of the normal aging process and is also evident in age-related protein aggregation diseases of the brain, such as Alzheimer's disease (AD) (Labbadia & Morimoto, 2015; Taylor & Dillin, 2011) . Improving proteostasis in model organisms, by increasing the expression of molecular chaperones, or by treating with compounds that reduce protein aggregates, can extend lifespan significantly (Alavez, Vantipalli, Zucker, Klang, & Lithgow, 2011; Taylor & Dillin, 2011; Tower, 2011) .
Similarly, increasing expression or function of the protein degradation machinery can significantly increase lifespan (Chondrogianni, Georgila, Kourtis, Tavernarakis, & Gonos, 2015; Juhasz, Erdi, Sass, & Neufeld, 2007; Vilchez et al., 2012) , while reducing the rate of protein synthesis through depletion of translation initiation factors, ribosomal proteins, or ribosomal protein regulators increases lifespan in yeast, worms, and flies (Hansen et al., 2007; Steffen et al., 2008; Syntichaki, Troulinaki, & Tavernarakis, 2007; Wang, Cui, Jiang, & Xie, 2014) . Lifespan can further be extended in all tested model organisms by inhibiting insulin-IGF signaling (IIS) and Tor, a central nutrient sensor that influences protein homeostasis by a number of mechanisms (Kenyon, 2005; Lopez-Otin et al., 2013; Partridge et al., 2011) .
Together, these studies point to metabolic perturbations and the loss of proteostasis as central drivers of deleterious aging phenotypes and age-related diseases (Labbadia & Morimoto, 2015; Lopez-Otin et al., 2013; Taylor & Dillin, 2011) .
One of the most prominent proteostatic disruptions that are observed in aging cells and tissues is a global decrease in protein turnover rates. Age-related increases in protein half-lives have been documented in a number of species, including nematodes (Prasanna & Lane, 1979) , rats (Lewis, Goldspink, Phillips, Merry, & Holehan, 1985) , and humans (Young, Steffee, Pencharz, Winterer, & Scrimshaw, 1975 ) and may drive aberrant protein accumulation and posttranslational modification patterns (Rattan, 2010) . These alterations can lead to a variety of irreversible protein damage, rendering cells dysfunctional and potentially accelerating the aging process. Reversing this age-induced decline in protein turnover rates could be a potential downstream mechanism by which longevity-promoting mutations extend lifespan. However, whether and how cellular proteostasis is influenced by such mutations is unclear, and the molecular mechanism(s) of the age-associated decline in protein turnover are incompletely understood.
It further remains to be established how other metabolic, stress, and repair responses induced by longevity mutations are integrated with proteostatic changes to influence lifespan. Flies with increased Jun-N-terminal kinase (JNK) activity, for example, show a robust extension of lifespan that is mediated by the inhibition of insulin-like peptide expression in insulin-producing cells (Wang, Bohmann, & Jasper, 2003 , 2005 , by the induction of insulin resistance in peripheral tissues, as well as by JNK-mediated improvement of cell-autonomous protection and repair capabilities (Biteau, Karpac, Hwangbo, & Jasper, 2011) . While increased JNK signaling activity thus induces metabolic changes and cytoprotective gene expression that are representative of IIS inhibition (Figure 1a ), these changes may also be accompanied by the induction of proteostatic changes (Wu, Wang, & Bohmann, 2009; Xu, Das, Reilly, & Davis, 2011) . How these different aspects of the response to JNK are integrated to achieve longevity remains unclear.
F I G U R E 1 Age-related changes in protein turnover rates are reduced in heads of puc heterozygotes. (a) Model for JNK-mediated regulation of metabolic homeostasis and lifespan extension. JNK-mediated repression of insulin-like peptide 2 (ILP2) expression in insulin-producing cells (IPCs) of the fly brain results in systemic repression of insulin signaling. This, in turn, promotes FOXO activity and reduces Tor activity, promoting autophagy and limiting translation. JNK-induced cytoprotective gene expression in the periphery contributes to longevity in JNK gain-of-function conditions. How such conditions influence changes in metabolic and protein homeostasis globally remains unclear. (b) Experimental approach to comprehensively characterize protein turnover rates in fly heads. Young (5-day-old) and old (35-day-old) flies were fed a sugar/yeast diet for 8 days in which 15 N-pre-labeled yeast was the only nitrogen source. Proteins were isolated from whole heads and subjected to mass spectrometry. N-labeled peptide is shown in blue. The fraction labeled was calculated as described in Materials and Methods. (d) Distribution of protein half-lives from heads of young (5 days) and old (35 days) ry or puc mutant flies. Note the shift toward longer protein half-lives in old ry heads, but not in old puc mutant heads. (e) Comparison of protein half-lives from heads of young (5 days) and old (35 days) ry or puc mutant flies. Each dot represents one protein. Note the deviation toward longer half-lives (away from the blue diagonal with slope 1) in old ry heads but not in old puc heads. The blue lines indicate the theoretical identity line, and the red line indicates the best linear fit to the data. The box plots indicate the interquartile (box) and the complete (whiskers) range of the data excluding outliers (>2*SD). In the boxplots, the data have been limited to the subset shared between the compared sets. The white line and numbers indicate the median values. Comparisons and p value measurements were conducted by the Mann-Whitney U test Addressing these questions requires new approaches that comprehensively characterize the impact of longevity-promoting interventions on metabolism and proteostasis in a complex organism.
Highly sensitive and high-throughput mass spectrometry technologies are beginning to allow such comprehensive assessments of protein turnover and metabolic flux and can be complemented by high-throughput characterization of cellular transcriptomes. Here, we employ such technologies to characterize the metabolic and proteostatic effects of longevity-promoting JNK gain-of-function conditions on Drosophila brains. Our results confirm that in wild-type animals, protein turnover rates are globally reduced as a function of age, and we find that this is mitigated in long-lived mutants for the JNKspecific phosphatase Puckered (puc
E69
). Using untargeted metabolite profiling by LC-MS/MS, flux analysis based on the 13 C-glucose uptake, and transcriptome profiling, we further find that JNK triggers a shift in neuronal carbon flux toward the pentose-phosphate pathway (PPP) by inducing the expression of glucose-6-phosphate dehydrogenase (G6PD), increasing NADPH production and reducing oxidative stress. Our data suggest that this metabolic reprogramming is responsible for the proteostatic and longevity effects of the puc E69 mutation, as these phenotypes can be mimicked by increasing expression of G6PD in neurons. Our combined proteomic and metabolomic analysis suggests that JNK activation extends lifespan through metabolic reprogramming that promotes neuronal proteostasis.
| RESULTS

| Analysis of proteome dynamics in long-lived flies
To characterize changes in proteostasis and cellular metabolism that are associated with longevity, we sought to analyze age-related changes in protein turnover and steady-state metabolite concentrations as well as metabolic flux in wild-type and long-lived flies. We chose to focus on the brain as a highly metabolic tissue in which the age-related decline in proteostasis manifests itself in a range of agerelated diseases. In flies, rapidly isolating frozen heads in bulk is feasible, providing an opportunity to collect relatively homogeneous tissue samples in large enough amounts for proteomic and metabolomic analysis.
As long-lived mutants, we chose animals carrying a loss-of-function allele for puckered (puc
E69
). Puckered encodes a JNK phosphatase and puc E69 heterozygotes are long-lived as a consequence of elevated JNK activity ( Figure 1a ; Biteau et al., 2011; Libert, Chao, Zwiener, & Pletcher, 2008; Wang, Bohmann, & Jasper, 2003; Wang, Bohmann, & Jasper, 2005) ). We confirmed longevity of the animals we used in a variety of dietary conditions (Supporting Information Figure S1 ). Independent of the concentration of yeast (as only protein source) in the food, puc E69 heterozygotes lived substantially and significantly longer than isogenic controls (Supporting Information Figure S1 ; the ry 506 mutation is used as a background mutation to track the ry +P element inserted into the puc locus; the lifespan analysis and further studies were performed in puc E69 and wild-type control (OreR) animals crossed out into the ry 506 background, rendering both experimental cohorts heterozygous for ry). (Figure 1b,c) . Proteins harvested from isolated heads were subjected to tryptic digestion, and isotope incorporation rates were determined using mass spectrometry 
| Metabolite analysis shows strongly reduced levels of G-6-P in puc mutant brains
To explore the extent of the metabolic changes in the brain of puc E69 mutants, we performed metabolite profiling using HPLC/mass spectrometry. We assessed steady-state metabolite concentrations in the heads of young and old, wild-type and puc heterozygous animals ( Figure 3a , Supporting Information Figure S3 , Table S3 ). Compared to ry 506 heads, puc mutant heads contained reduced glycolytic intermediates at young ages, including glucose-6-phosphate and Fructose 1,6 bis phosphate, confirming that puc mutant heads exhibit broad metabolic changes (Figure 3b ). Particularly, intriguing is the significant reduction in glucose-6-phosphate, and the lack of changes in downstream glycolytic intermediates such as lactate, and in TCA cycle intermediates. While these differences were interesting, steady-state metabolomics are unable to provide insight into how metabolism downstream of glucose-6-phosphate is remodeled. We Figure S4 ). Per experiment, we used three biological replicates per time point (5, 15, 30, 60, and 120 min) to measure relative labeling of three metabolites (glucose-6-phosphate, lactate, and citrate). We chose these three metabolites to analyze the mitochondrial and nonmitochondrial fates of glucose carbon flux. Three independent experiments were performed to measure the rates of maximum labeling of the three metabolites from labeled glucose. Using this approach, we measured the 13 C flux through the glycolytic pathway in the brain of puc E69 mutants. Interestingly, we found that long-lived puc E69 mutants had higher flux rates through glycolysis and the TCA cycle: The rate of 13 C uptake into G6P and Citrate (but not Lactate) was faster in puc heterozygotes than in ry controls ( Figure 3d ,e, Supporting Information Table S4 ).
| JNK induces glucose metabolism genes, including G6PD
The low steady-state levels of G6P in puc mutants contrast with the observed faster rate of Information Figure S5 ). Elevated JNK activity thus results in metabolic changes early in life and contributes to an elevated defense response later in life, consistent with previous findings (Libert et al., 2008) .
Using qRT-PCR, we confirmed that G6PD (glucose-6-phosphate dehydrogenase, encoded by the gene Zwischenferment, Zw), but not G6P (glucose-6-phosphatase), is highly induced in the brain of puc mutants ( Figure 5a ). The glucose-6-phosphatase complex hydrolyzes glucose-6-phosphate, generating free glucose, while G6PD oxidizes G6P by transferring hydride(s) to NADP+, forming NADPH, and resulting in carbon flux into the pentose phosphate pathway (PPP).
The resulting increase in cytosolic NADPH is a critical defense against oxidative stress, reducing the concentration of oxidized glutathione (GSSG) (Bolanos & Almeida, 2010) .
Supporting the notion that JNK and G6PD induce metabolic reprogramming of neurons by promoting carbon flux into the PPP, we found increased NADPH in heads of animals with increased JNK signaling activity, or increased expression of G6PD ( Figure 5b ). Similarly, we found reduced oxidized glutathione in pucE69 heterozygotes and, especially in old pucE69 heterozygotes, a significantly increased GSH/GSSG ratio ( Figure 5c ). At least part of the proteostatic effects of JNK activation may thus be mediated by G6PD induction, resulting in elevated carbon flux into the PPP, and consequent changes in NADPH and GSH levels. We tested whether this would contribute to proteostasis and measured the accumulation of the autophagy cargo receptor p62 and of cytosolic poly-ubiquitinated protein aggregates (using the FK2 antibody) (Demontis & Perrimon, 2010) in the brain. p62 (also called ref (2)p) localizes to age-induced protein aggregates, as well as to aggregates caused by reduced autophagic activity (Bjorkoy et al., 2009; Nezis et al., 2008) .
We observed a strong accumulation of p62 and of poly-ubiquitinated aggregates in old wild-type brains, and these phenotypes were significantly reduced in puc E69 mutants (Figure 5d -f, Supporting Information Figure S6 ). These results further confirm that aging puc E69 mutants maintain proteostasis in the brain more effectively than wild-type flies. These phenotypes were recapitulated in animals in which G6PD was specifically over-expressed in neurons (using an RU486-inducible driver, elav::GS; Figure 5g ,h), and this perturbation was also sufficient to extend lifespan (Figure 5i -k, Supporting Information Figure S6 ). This lifespan extension was not observed when G6PD was over-expressed in puc mutant animals, indicating that the metabolic reprogramming seen in puc heterozygotes cannot further be optimized by G6PD over-expression (Figure 5j ,k).
| DISCUSSION
Our integration of large-scale protein turnover analysis, metabolomic and metabolic flux analysis, as well as transcriptomic characterization and genetic perturbation, provides new insight into the link between F I G U R E 4 Characterization of JNK-induced transcriptome changes in brains of young and old flies. (a) Venn diagram summarizing agerelated transcriptional changes in heads of young and old puc mutants compared to young or old ry flies, respectively, and of young Hep (JNKK) over-expressing flies (elav::Ga4/UAS::Hep) compared to controls (elav::Gal4/+). Transcriptomes were obtained by RNAseq. Genes were considered induced when differences in FPKM were at least twofold and FRKM values were at least 10.0. Note that a large subset (199) of genes induced in old wild-type heads (384) are also induced in puc mutants, but that puc mutants show a much larger number of transcriptional changes (840 induced genes). (b) GO Analysis of genes induced in JNK gain-of-function conditions (both Hep and puc) in heads of old, young or both ages, compared to controls. GO analysis was performed on FlyMine.org, using the indicated numbers of genes induced more that twofold with at least 10.0 FPKM. Note the higher functional diversity of genes induced by JNK in brains of young animals. (c) Selection of genes involved in glucose metabolism found to be induced in JNK gain-of-function conditions. Averages and SEM of FPKM values are shown. P-values from Student's t test F I G U R E 3 Characterization of steady-state metabolites and dynamic metabolic flux using 13 C isotopic tracers in flies. (a) Identification of glycolytic/pentose phosphate pathway (PPP) intermediates in heads of long-lived puc mutants using high-resolution LC/MS-based metabolomics. C 6-G6P, 13 C 6-citrate and 13 C 3-lactate show distinct time-courses over a 2-hr time period in young long-lived puc mutant and ry controls (performed in three biological replicates). Relative rates of metabolic flux (changes in abundance/min at maximum signal) were calculated using the generated abundance curves generated from three independent experiments, using three biological replicates per time point. Relative rates of formation are shown as mean ± SEM. Student's t test metabolism, proteostasis, and longevity. Based on this insight, we propose a refined model of how activation of the JNK signaling pathway influences tissue health and longevity ( Figure 6 ). F I G U R E 6 JNK-mediated metabolic perturbation promotes proteostatic balance in the aging brain. Elevated JNK activity reduces IIS activity systemically, reducing glucose uptake, stimulating Foxo activity, and limiting the age-related activation of the Tor pathway, thus reducing translation and maintaining higher levels of autophagy (Kapahi et al., 2010; Sarbassov, Ali, & Sabatini, 2005; Wang et al., 2005) . At the same time, we find that JNK also induces the expression of G6PD in neurons, shifting metabolic carbon flux from glycolysis into the pentose phosphate pathway. The resulting increase in NADPH concentration in neurons increases the concentration of reduced glutathione, limiting protein damage, and associated protein aggregation. We propose that the coordinated control of IIS activity, Tor signaling, and metabolic flux by chronically elevated JNK activity thus results in broad proteostatic protection and lifespan extension accordingly, G6PD has no further effect in this background. (h) Western blotting of heads of animals over-expressing G6PD for 50 days (using elav::GS). Averages and SEM of p62 and actin quantifications of three independent experiments shown in lower panels. ImageJ was used to measure protein band intensities, and ratios of siblings exposed or not to RU486 are shown as mean ± SEM. P-values from Student's t-test. (i) Survival curve for G6PD over-expressing flies (elav::GS/UAS::G6PD). All females. Sizes (n) of sibling populations exposed to RU486 or vehicle (EtOH) are shown. (j) Summary of demographic parameters and lifespan statistics for (I and K). (k) Survival curves for G6PD over-expressing flies in wild-type (elav::GS/UAS::G6PD) or pucE69 heterozygous (pucE69/+; elav::GS/UAS::G6PD) background, as well as of pucE69 heterozygous controls (pucE69/+; elav::GS/+). All females. Sizes (n) of sibling populations exposed to RU486 or vehicle (EtOH) are shown. All flies were females 2011). It will therefore be of interest to explore the influence of CncC function on neuronal protein turnover and protein aggregate formation in the future. While this study did not directly assess protein turnover rates, the higher dietary nitrogen incorporation in fully fed vs. dietary restricted animals suggested a correlation of longevity with lower protein production or turnover. It will be of interest to explore the possibility that the metabolic changes elicited by dietary restriction impact longevity through mechanisms that are materially distinct from the mechanism of JNK-induced longevity described here.
In puc mutants, carbon flux seems to be shifted through induction of G6PD, and we could phenocopy the effects of JNK gain- genetic epistasis experiments for longevity, as we were unable to generate healthy animals in which puc E69 /+ was combined with brain-specific G6PD-RNAi or loss-of-function alleles. A concerted effort to generate G6PD loss-of-function tools should be able to resolve this and allow addressing the question of whether G6PD is essential for all JNK-mediated longevity and healthspan effects, or whether it is only responsible for aspects of these phenotypes.
The connection between glucose metabolism, oxidative stress, and aging has also emerged in recent years in work using C. elegans, in which it was shown that glucose and glycogen metabolism influences longevity through the production of NADPH and reduced glutathione (Gusarov et al., 2017) . Importantly, this study highlights the deleterious effects of too much glucose-mediated cellular NADPH production, as it promotes the reduction in glutathione to a point where cellular stress responses are impeded. It is interesting in this context that in Drosophila, it was recently shown that longevity of dilp2 mutants is dependent on the activity of glycogen phosphorylase, the enzyme that promotes glucose release from glycogen stores (Post et al., 2018) .
Glucose is central to energy metabolism in the brain, both in astrocytes and neurons, and defects in glucose metabolic pathways have been documented in neurodegenerative disorders (Mathur, Lopez-Rodas, Casanova, & Marti, 2014) : Pyruvate levels are increased in patients with multiple sclerosis (McArdle, Mackenzie, & Webster, 1960) , while impaired GAPDH and ECT components were found in both AD and HD patients (Brooks et al., 2007; Chandrasekaran et al., 1994; Mazzola & Sirover, 2001; Regenold, Phatak, Makley, Stone, & Kling, 2008) . How metabolic deregulation is involved in functional changes in the aging brain, however, is largely unknown. Recent studies using an HD fly model found that increas- 
| MATERIALS AND METHODS
| Chemicals and standards
| Fly labeling
Young (5 days 
| Sample preparation for LC/MS
Fly heads were collected by freezing flies with liquid nitrogen in a 15-ml tube after 8 days of labeling. Tissue samples were homogenized in RIPA buffer by motorized pestle and centrifuged down for 10 min at 16,000 g to get rid of cell debris. Subsequently,~100 µg of total protein lysate from each sample was combined with 4× LDS Gel Sample Loading Buffer (Invitrogen), and samples were reduced with 500 mM DTT at 60°C for 1 hr, and alkylated 250 mM iodoacetamide at RT in the dark for 1 hr. Then samples were loaded on a 1D SDS-PAGE gel, separated, and stained with Biosafe Coomassie G-250. Each gel lane was divided into 10 pieces according to the molecular weight (10-250 kDa), and bands were excised, see cut-out scheme (Supporting Information Figure S2 ). All gel pieces were then proteolytically digested with trypsin to yield tryptic peptides for LC-MS/MS analysis.
| Proteomic mass spectrometric analysis
Samples were analyzed by reverse-phase HPLC-ESI-MS/MS using an Eksigent Ultra Plus nano-LC 2D HPLC system (Dublin, CA)
connected to a quadrupole time-of-flight TripleTOF 5600 mass spectrometer (SCIEX). Typically, mass resolution for MS1 scans and corresponding precursor ions was~35,000, while resolution for MS2 scans and resulting fragment ions was~15,000 ("high 
| Data accession
The mass spectrometric raw data and spectral libraries associated with this manuscript may be downloaded from MassiVE at ftp:// massive.ucsd.edu/MSV000080118 (MassIVE ID: MSV000080118). Table S1 .
|
Using the Protein Prospector database search results, the following information was gathered for each peptide ion with an expectation value <0.05: monoisotopic mass to charge ratio (m/z), charge (z), retention time (RT), assigned protein, and sequence. The data were tabulated as a text file. Using the program MSConvert, MS1 spectra were extracted from all raw data files obtained from the labeling time-course. The MS1 spectra were centroided, and the resulting peaklists were used for further analysis. Using a script written in Java (mssplice, Zhang et al., 2014) , the following set of analyses was sequentially conducted for each tabulated peptide obtained from the database search:
1. Numbers of nitrogen atoms were determined for each peptide sequence. The chromatogram was fitted with a Gaussian function to determine the peak width. MS1 spectra within the determined RT peak width and the m/z window were summed, and the aggregated spectra were used for further analysis.
4.
The extracted MS1 peptide spectra were fitted with a probabilistic combinatorial isotopic distribution model that considers the spectra as the sum of two isotopic populations (labeled and unla- 
5.
For each peptide ion where more than four unique time-points passed the above criteria, the fraction labeled values were fitted to a single exponential equation to determine the clearance rate.
6.
Peptide level labeled population measurements were aggregated for each homologous group of proteins. Peptides with sequences that were shared among multiple homologous groups were not considered.
7.
The aggregated data were fitted with a single exponential equation to determine protein clearance rates. A complete list of measured turnover rates is provided in the Figure 2 and Supporting Information Table S2 .
| Statistical significance testing
All mass spectrometric data were searched as described above using Protein Prospector against a Drosophila melanogaster Uniprot database in combination with a decoy database. For the database searches, an FDR cutoff of less than 1% was applied for all protein identifications. The statistical significance (p value) of global differences in turnover rates between different ages and genetic backgrounds was established by Mann-Whitney U tests as described in the figure legends.
| Ontology/pathway analysis
A list of gene ontology (GO) (Gene Ontology Consortium, 2015) terms associated with the analyzed proteins was obtained from https://geneontology.org (March 2015) . For the localization plot shown in Figure 2e , the proteomic data mapped to the GO terms 
| HPLC-MS (Metabolomics)
For high-resolution (accurate-mass) HPLC-MS analysis, HPLC was performed using an Agilent 1260 Infinity LC system fitted with following modules: u-degasser (G1322A), binary pump (G1312B), ther- High-resolution MS1 was performed using an Agilent 6520
QTOF mass spectrometer fitted with a Dual-Spray Electrospray Source (ESI). The instrument was operated at a mass resolution of 20,000 for TOF MS1 scan using 2GHx extended dynamic range mode. The ionization parameters were set as follows: gas temperature (TEM) 350°C; drying gas, 9 L/min; Vcap, 2,500 V; nebulizer gas, 
| Statistical analysis
All data were presented as means ± SEM. Comparisons between groups were performed using 2-tailed Student's t test.
| Metabolic flux analysis by 13 C-glucose injection (sample preparation)
A 65 µl of 0.125 g/ml 13 C-Glucose (Cambridge Isotope Lab, CLM-1396) was directly injected into the hemolymph using the Nanoject Samples were kept at +4°C, and the injection volume was 10 µl.
Mass spectrometric analysis for 13 C flux experiments was conducted using negative ion electrospray ionization in the multiple reaction monitoring mode (MRM) on a SCIEX 4000 QTRAP (Redwood City, CA, USA) mass spectrometer fitted with a TurboV TM ion source. The ionization parameters were set as follows: curtain gas (CAD); 20 psi; collision gas: medium; ion spray voltage (IS):
−4,500 V; Temperature (TEM): 550°C; Ion source Gas 1 (GS1); 60 psi; and Ion source Gas 2 (GS2): 50 psi. The compound parameters were established using the appropriate standards. The compound parameters were set as follows: entrance potential (EP):
−8.0 V; and collision cell exit potential (CXP): −5 V. Analyst ® v1.6.1 (SCIEX) was used for all data acquisition, method development, and in-depth analysis of the HPLC-MS data, specifically for calculating the peak areas for the identified features from fly extracts. Peak areas were normalized by total protein (Table 1) .
| Western blot
Heads 
| NADPH measurement
Fly heads of each genotype were collected by being frozen in liquid nitrogen. Thirty frozen fly heads were washed with cold PBS and homogenized with 150 µl NADP/NADPH extraction buffer provided by NADP/NADPH quantification kit (BioVision, Cat.# K347-100).
NADPH concentration of each sample was measured according to the protocol in NADP/NADPH quantitation kit (BioVision, Cat. # K347-100) and was normalized by its own total protein (Pierce BCA protein assay kit, Prod # 23227). At least three independent samples were analyzed for NADPH measurement. Fluorescent secondary antibodies were purchased from Jackson ImmunoResearch Laboratories. DNA was stained using DAPI. Confocal imaging was performed on a Zeiss LSM700 confocal microscope and processed using ImageJ and Adobe Illustrator. 
| Immunostaining and microscopy
| RNAseq analysis
| Lifespan analysis
| GSH/GSSG assay
Measurements of glutathione and glutathione disulfide were made using the GSH/GSSG Ratio Detection Assay Kit from Abcam (ab138881), according to manufacturer's instructions. Briefly, 20
whole female heads per sample were flash frozen at 6 days (young) or 42 days (old). Samples were resuspended in 150 μl PBS with 0.5% Triton X-100 and dissociated with a motorized pestle. Debris was removed by centrifugation and deproteinated with trichloroacetic acid (25 μl/sample) and sodium bicarbonate (80 μl 7% w/v). Samples were diluted 4× for the GSH assay, and 16× for GSSG. All samples were kept on ice using the enzymatic reaction step. The reaction mixture was incubated 45 min, then read with a BioTek fluorescence plate reader.
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